ABSTRACT: Even though the concept of residual feed intake (RFI) is well accepted, several questions remain regarding other traits that may be associated with selection for decreased RFI. These include DM digestibility, carcass composition, profitability, and performance. The objective of this study was to investigate the difference in those traits between low-and high-RFI cattle. Sixty Angus × Hereford crossbred steers (296 kg of initial BW) were fed a corn-based finishing ration (1. 36.95 kg, respectively). These results do not support the existence of major differences in composition and organ mass between low and high RFI steers at slaughter. The RFI grouping had a significant effect on DMI, G:F, and RFI values. Stepwise regression showed that G:F alone or DMI and ADG together explained 98.5% of the variance in cost of BW gain, whereas RFI alone explained only 18%. We conclude that RFI is less useful than G:F as an indicator of feedlot efficiency and profitability.
INTRODUCTION
Feed is the most expensive input within any livestock production system, including beef cattle. The cost of feeding is even more important in beef operations relative to other species due to the fact that 70 to 75% of the total dietary energy cost in beef production is used for maintenance (Ferrell and Jenkins, 1985; NRC, 2000) .
Residual feed intake (RFI), presented initially by Koch et al. (1963) as an efficiency variable, is not correlated with BW or ADG. Residual feed intake is defined as the difference between actual feed intake and the expected feed requirements for maintenance of BW and for BW gain. Residual feed intake is an individual measurement; therefore, animals must be fed individually or in groups using electronic devices that measure intake individually for each animal. However, there are some questions as to the validity of feed intake data obtained in individual pens (Sainz and Paulino, 2004) .
Several mechanisms have been suggested to account for differences in RFI (Richardson et al., 1996) . One possibility could be a difference in the composition of BW gain; hence, low RFI animals potentially have less fat (Crews et al., 2003) . Another is a difference in maintenance energy requirement; Sainz (1995) observed that maintenance energy requirement is often related to the mass of visceral organs, which have a greater metabolic intensity than nonvisceral tissues. Another possibility suggested by Richardson et al. (1996) is that young bulls and heifers, phenotypically ranked low or high for RFI, tended to differ by approximately 1% in their ability to digest DM.
The objectives of this research were to study the relationship between ADG, G:F, DMI, DM digestibility (DMdig), RFI, and profitability. In addition to that, we re-evaluated the effect of housing type (group and individual pen) on ADG, G:F, DMI, and RFI and also evaluated differences in final carcass composition and visceral organ mass between low and high RFI steers.
MATERIALS AND METHODS
All procedures involving animals were approved by the Animal Care and Use Committee of the University of California, Davis.
Animals, Diet, and Data Collection
Sixty growing Angus-Hereford crossbred steers (12 mo of age) were obtained from Sierra Foothill Research and Extension Center (Browns Valley, CA) and transported to the University of California-Davis feedlot where the study was conducted during summer and fall of 2005.
The animals were allowed to adapt to the new environment, personnel, and concentrate ration for 1 mo. After this period, the animals were weighed and scanned with ultrasound, and one-half were placed in 30 individual pens and the other one-half in 6 group pens (5 animals/pen). After a 60-d period (period 1), animals were switched from group to individual pens and vice versa and fed for 60 d more (period 2); therefore, the entire feeding trial was 120 d, but with 60 d of individual intake data for each cohort of steers. The animals were fed approximately 2 additional months after the completion of 120-d feeding trial. Days on feed (DOF) were calculated from the first day of the feeding trial until the animals achieved target endpoint [a minimum of 12 mm of backfat (BF) between the 12th and 13th rib].
The steers were weighed every 28 d, after being deprived of feed (but not water) overnight, and ADG was estimated as the slope of the regression of BW on time (days) for each steer. At each weighing, steers were restrained in a squeeze chute and allowed to calm down before measurements; steers were scanned by real-time ultrasound using a SONOVET 2000 (Universal Medical Systems Inc., Bedford Hills, NY) with a 3.5-MHz and 17-cm linear array transducer. Measures of subcutaneous fat over the 12th to 13th ribs were used to determine the optimum slaughter end point, aiming for an average of 12 mm. Vegetable oil was used as an acoustic couplant after the measurement site was cleaned of loose hair, dirt, and manure.
Individual and group pens were fed once per day during the morning, and in the afternoon the animals were stimulated to come to the bunk by calling and mixing the feed. The steers were fed the same diet throughout the experiment (Tables 1 and 2) ; the diet was formulated to meet or exceed NRC (2000) requirements to allow maximum ADG. Feed samples were collected at the beginning of each period and weekly during the feeding trial. Dry matter content was determined by oven drying at 100°C for 15 h, and for composition analysis feed samples were dried at 55°C for 15 h. Fecal samples were collected directly from the rectum of the animal before it was weighed and before the beginning of each period, and samples were dried at 55°C for 15 h for composition analysis or dried at 100°C for 15 h for DM determination. Feed and fecal samples dried at 55°C for 15 h were ground (1-mm screen, Wiley mill, Arthur Hill Thomas Co., Philadelphia, PA) and analyzed for lignin using the sulfuric acid procedures of Van Soest et al. (1991) . Dry matter digestibility was calculated as
All steers were slaughtered at the University of California-Davis Meat Lab Facility, and carcass data were collected. Measurements collected were slaughter weight, HCW, LM area (LMA), BF, KPH, quality grade, carcass fat, abdominal fat, and visceral organ mass. Carcass fat % was determined by dissection of the 9-to 11th-rib section, according to Hankins and Howe (1946) .
To simplify the financial analysis, profitability was assessed from the feedlot cost of BW gain (COG), which was calculated using data collected during the test and extended to the total DOF and based on a feed 
Methodology for Measuring RFI in Individual Pens
Residual feed intakes were calculated using only mean intake and BW gain data during the 60-d period of individual feeding. The amounts of feed offered and refused were measured daily, and the feed intake was calculated by difference. The amount offered was adjusted daily to produce approximately 0.5 kg/d of refusals. Average DMI for the 60-d feeding period was regressed on mid-test metabolic BW (BW
0.75
) and ADG (Archer et al., 1997) :
where β 0 is the intercept, β 1 and β 2 are the coefficients of the equation, and ε is the residual (i.e., RFI). The intercept of the equation was tested for difference from zero, and if not significant a new equation was fitted without the intercept. The actual DMI minus the predicted DMI corresponds to the RFI. This means that a more efficient animal has a negative RFI (observed feed intake is less than predicted feed intake), and a less efficient animal has a positive RFI (observed feed intake is greater than predicted feed intake). The regression equations for both periods were not different (P ≥ 0.45); therefore, a single equation was fitted to the pooled data from both periods (Table 3) .
Statistical Analysis
Dry matter intake, ADG, and G:F, were analyzed by a GLM procedure (Minitab Inc., State College, PA), with period and housing type as main effects, including interactions (Table 4 ). Due to differences between individual and group pens in numbers of replicates (30 and 6, respectively), the GLM analysis was weighted by sample size (Steel and Torrie, 1980) . Steers were assigned to low or high RFI groups if they reached or exceeded 0.5 SD below or above the mean (zero) RFI, respectively (Carstens et al., 2002; Baker et al., 2006) ; in this case each group contained 15 animals. Initial BW, final BW, DMI, DMdig, ADG, G:F, and RFI were analyzed by GLM using only data from the 60-d individual pen period with period and RFI group as main effects, with interactions (Table 5) .
Cost of BW gain and DOF were analyzed by 1-way ANOVA using RFI group as main effect; period was not included because those variables represent the total COG and DOF from beginning to slaughter (Table  6 ). Carcass and body composition data were analyzed by 1-way ANOVA using RFI group as main effect and final BW as covariate (Table 7) .
Pearson correlation was used to assess the correlations among performance variables (ADG, G:F, RFI, and COG; Table 8 ).
Stepwise regression was performed to show the proportions of variance in COG explained by RFI, G:F, DMI, and ADG.
RESULTS AND DISCUSSION
The regression equations for both periods were similar; therefore, a single equation was fitted to the pooled data from both periods ( Table 3) When BF was added to the RFI equation, the Pvalue for this variable was 0.58, which means that the coefficient for BF was not significantly different from zero in the DMI equation. The 60-d period used in this study is less than the recommended 70 d (Archer et al., 1997) , which could lead to a reduced accuracy when predicting individual feed intake. The shorter test period was adopted due to the need for 2 consecutive tests and to minimize seasonal changes in feeding conditions. According to Archer et al. (1997) , one would expect a phenotypic variance (kg 2 /d 2 ) in RFI of 0.36 with a 70-d test period, and 0.38 with 60 d. Therefore, the loss in accuracy due to a shorter test period was considered to be less important than the problems associated with the start of fall rains.
There was no effect of period or group type on DMI, ADG, or G:F (P ≥ 0.12, Table 4); the lack of effect of housing type contrasts with our previous results using similar cattle and the same pens, where individually fed cattle ate less than those in group pens (Sainz and Paulino, 2004) . The difference between present results and previous work may be due to a change in personnel and feeding practices. In the present study, although we only fed once each morning we stimulated the animals to eat by a late afternoon visit. Housing type effects may be more evident under once daily feeding rather than with the twice daily interactions adopted in the present study.
Period had a significant effect (P < 0.001) on ADG and G:F (Table 5 ). The effects of period on ADG and G:F were likely due to increasing physiological maturity as animals became fatter. As animals mature, the proportion of fat:lean in the BW gain increases and animals gain BW more slowly and become less efficient (NRC, 2000) . Dry matter digestibilities were not different (P ≥ 0.34; Table 5 ) between RFI groups or periods, in contrast to the results of Richardson et al. (1996) who fed a high roughage diet. Considering that in the present study only 10% of the diet was composed of forage, it is possible that the indirect methodology to measure digestibility using lignin as a marker was not appropriate for this type of diet (Van Soest et al., 1991) . Previous tests using total fecal collections and similar animals, diet, and analytical procedures, however, produced lignin recoveries very near 100% (R. D. Sainz, personal communication) . Incomplete fecal lignin recovery is the main limitation in the use of this marker for high concentrate diets; therefore, those results lend more confidence to the technique used here.
Days on feed were calculated from the first day of the feed trial until the animals achieved the target end point (a minimum of 12 mm of BF between the 12th and 13th rib). The low and high RFI groups required a similar number of days to achieve the slaughter end point (P = 0.56; Table 6 ).
There were no differences (P ≥ 0.47) between LMA and BF thickness between the 2 groups during the RFI test, and no interactions between period and RFI group. In period 1, the mean values for LMA (cm 2 ) and BF (cm) for high and low RFI were 63.6 and 0.86, and 65.4 and 0.83, respectively. In period 2, the mean values for LMA and BF for high and low RFI were 74.2 and 1.0, and 71.3 and 0.99, respectively.
There were no significant differences (P ≥ 0.11; Table 7) between low and high RFI groups for slaughter weight, HCW, LMA, BF, KPH, quality grade, yield grade, and carcass fat percentage at slaughter. Visceral organ and abdominal fat masses were also similar between low and high RFI groups. Therefore, low and high RFI steers reached market finish at similar weights and carcass compositions, as indicated by carcass characteristics assessed by an USDA grader as well as through dissection of the 9-to 11th-rib sections.
Simple Pearson correlations among performance variables are given in Table 8 . As expected, the correlation between ADG and RFI was zero. All other correlations Residual feed intake: Profitability and performance (positive and negative) were significant (P ≤ 0.05). Residual feed intake was positively correlated with DMI and COG and negatively correlated with G:F. Cost of BW gain was correlated moderately and positively with DMI and RFI and strongly and negatively with G:F and ADG. Stepwise regression showed that G:F alone or DMI and ADG together explained 98.5% of the variance in COG, whereas RFI alone explained only 18%. This was expected because G:F includes information of growth rate and efficiency, whereas RFI specifically excludes growth rate. Figure 1 shows the very close relationship between COG and G:F. Clearly, this single variable is the most important factor determining profitability of individual animals in the feedlot. The present results do not support the existence of major differences in composition and organ mass between low and high RFI steers at slaughter. Baldwin and Sainz (1995) reported that visceral organs such as the gastrointestinal tract, liver, heart, and kidneys have greater oxygen consumption per unit mass than nonvisceral tissues. Other studies have demonstrated the relationship between maintenance energy expenditure and visceral organ mass (e.g., Rompala et al., 1991; Sainz, 1995; Hersom et al., 2004) .
It should be noted that the RFI test was conducted early during the feeding period (2 mo preslaughter); therefore, the results at slaughter may not reflect the body compositions of the steers during the test. Alternatively, it is possible that other mechanisms, such as differences in metabolic patterns or digestive efficiency, were responsible for the observed variations in RFI.
Because RFI is a composite trait, it is unlikely that any single mechanism will explain differences in RFI among animals. In fact, it is probable that each animal displays its own RFI phenotype because of its own unique combination of mechanisms. If this is true, then comparisons of physiological variables between high and low RFI groups will often yield no significant differences, as seen in this study.
Conclusions
The feeding protocol adopted during a study appears to be very important because a small change in personnel or feeding practices may change feed intake and therefore performance. This study shows that individual pens may be used as long as animals are stimulated to come to the bunk more than once daily. Low and high RFI steers reached market finish at similar BW and compositions. In this study carcass fatness and DMdig were similar between low and high RFI groups.
Residual feed intake is less useful than G:F as an indicator of feedlot efficiency and profitability. However, RFI and G:F are phenotypically and genetically correlated, and RFI is more desirable as a selection criterion (Arthur et al., 2001a) . Therefore, further work is needed to identify and produce beef cattle with decreased RFI and superior G:F and improved profitability.
A precise contribution value for each mechanism responsible for differences in RFI is blurred. In other words, a given mechanism could contribute more for one animal and less for another. Because RFI is an indi- Grades: 300 = low Choice, 400 = average Choice, 500 = high Choice. Carcass fat determined by dissection of the 9-to 11th-rib section (Hankins and Howe, 1946) . 4 Visceral organ mass includes liver, heart, lungs, trachea, spleen, reticulorumen, omasum, abomasum, small and large intestines, empty and free of dissectible fat. 
